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(57) Abstract: A laser beam machining method and a laser 
beam machining device capable of cutting a work without pro- 
ducing a fusing and a cracking out of a predetermined cutting 
line on the surface of the work, wherein a pulse laser beam (L) 
is radiated on the predetermined cut line (5) on the surface (3) 
of the work (1) under the conditions causing a multiple photon 
absorption and with a condensed point (P) aligned to the inside 
of the work (1), and a modified area is formed inside the work 
(1) along the predetermined cut line (5) by moving the con- 
densed point (P) along the predetermined cut line (5), whereby 
the work (1) can be cut with a rather small force by cracking the 
work (1) along the predetermined cut line (5) starting from the 
modified area and, because the pulse laser beam (L) radiated 
is not almost absorbed onto the surface (3) of the work ( 1), the 
surface (3) is not fused even if the modified area is formed. 
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^it JPx^%©rtSPfc:^3fcjfe$:-&t)*T l;vi/*©;vi/*i/— if^te&jnx 

$ *t , vi/* ©/ vi/* i/ — tf ^ m^nma tzmmtzzt k 

tk $&•£•?&«**> hP^©^©^^^0A*{3S^V^T> i£!)-£?&W* 
#y hH©ffilll*^©^:t$fc-rsfc»fc: N *f^j&»6WW*;h«/Vl/*l/ 

fc l/-if«* dllj^ns; VI/* 1/— »©£i D S bM«©*^ $ $89® b 

htz%>£.o fc^ar^ec <t a / vi/* i/-if ^©^^©*i^ ^iii®^ § £ 
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o 

nct^lSo dtilcUUfs PDi^amx^y hP^©gg$t©*t£©A 

/jnx#i^©Ma£$(©9fcK;*#y h£jiM-r3£fc#-etSo £ti*>©&sr 

m(Dm$*mx%z><Dx, ^.mmm^wm^^^ y^^xmrnm^m^ 
m&) w&wl u & v ^ i±^.T c&h^^^^ t b tziM^nmxDmwmM, t 

(5) xmBmmzu-* ymttrnt, +f^©*^^jpx^»©« 
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#38i»fc£&S iz-ifipx^fc^ftfe^ iPxmtJtHB*f^ti^ i/— !fft©;)n 
xM»^oAI^^|q]{c*5{t § if *te©£3to£©tifcg 3 ci 1 t «fc D N & 



#3BIBfcfi*5 i/-ifipx^(i % i^-1f^©iift;&£/jpx^»©FW3-£fc> 

^xmT.nma^ u-y yt*m$? % £ t £ <t d > anx**^©^^^ > 

U -If ^©iPX^iitl's© AJ^ft t* 5 1/— if:M60£#j&©<ftB£&* £ £ 

*W-*K-^^7— x 1 0 8 (W/cm 2 ) i>A±X&^X^KXmiP I Us 
ttTO*fr^ l/-1f ^©*^^^lJPXM^tJ©rtg|5t^fc-«-TiPX^^{C 1/ 

^*xe>©*5Brat«s u—ymttm±, ±m*mwteffi& u—vuattmt 



30 



WO 02/22301 



PCT/JPOl/07954 



if^©XS*M^jlbTJnx^tj©rt^tc^b^^oijax^%©JP^(^t*5 

nnmv> nw&%*wstiz.&% mm.w$,^mr %> xg & s ^ t * mm. t 

Stuffs ^^S^fiinx^^©^^©^®^^^^^® (#l;Lfcf« 
£ tifck gJtK^^Snx^ti©^^*©^®^^^*®^^^^ £ 3 o £ o 
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&^7>^^pi^©Aifi xtwfii-rsffi (miiiro 

Jfcffc-rsi^ ^^«^i:AI^®©ra>{) s J±^Mv^©T^ ^^5/^©^fi^|6i© 

9 5 o 

H l xn# N ^-if^o^^^jDX^ia^ojy^i^tij^T^ l xgfcfctf 

§ -if ^©*«a sffisfcjnx^troi^as £-&*5-g-T/jnx*j-»(.: 
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(W/cm2) m±"e*-3T^;bX(g*si As^Tfc-TSCIi: 

t<t ?k jpx^f^ti© ft fc ^ 5 y ^ ra&Mmra&T&j&r § - ^ * x- 1 
n t: cfc b mx-MmwD nwz.z^v>? mn&M&te n s . ;o^7^^ 

±tBam^©-#lx & s o c © -if inx#&©anx*fiitJ bx fck fcf* fc£ 

(W/cm 2 ) JBJLtXfcoXAW^IBtf l/zsJjnFfc-TSilfc. 

t:«fc ^x^»0rtajk»jB^a«j«*$tfOT««*^-rs ^ ^ &x* t 

So dtl{C«ttlti> JDX^^OrtlBtt^^lKlRfci^TJeBfWfcJn^^JlS 

<S«J±±ffiSc5tffi«l©-^j7f* S 0 C © 1/ -if #nx#&©/jDX*fiitJ t bx t±. 

x 1 0 8 (W/cm 2 ) J^X&oT^Vl^iijPlnsOTfc^SCIfcfc: 

«k tK Jinx^fe4»©rafflfcJB^#^bb&««T&ajB«f*^b«s«*^tyaS[ 
MM^?fM1-sc^*)XtSo ^©«fc-5fc^;u^ffl*fiiftxffi<bXN 
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tjaxtt&to asms m \y -if %omt^(DUHi5U & %ffiM<DttLm * \m 

&Jpx*tgi%©@$f^-ei&l-s £ t t «t d n JS^fpi fc*ttsinx^%0ffl^ 
^M©^-^t^v^TSpx^t^^J?^l^MMW{3^i&^-&^^tb©^^jJ 

# 14 t & «■ -5 ©to t mx-mm.^ n & u -if ^ t *r 

o £oT, AW®A*^iDXM^©(*lliP*"^©EBli%> ±BB)S#f*-?l&-r3£^ 

t«fc D^&nfcffl»w^»ji«rax^*%&^sfr^-e-tb«. i/-ifft©l£M 

I* f S 1/ — if ftflg 1/ -if ytmtf* b ffil* £ hits Viz 1/ -«©«^© tr- 

^7-»lxl0 8 (W/cm2) £l±fcftS«k-5fc7Vl/^b— if^*H)fet- 
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-fr 3 © £ JPM [6] 3 ijpx^ti ©fife©*!*)- S^i&M© t 1 — 

C^/^-M^lxlO 6 (W/cm2) ^iZftZ&olZ^ftXU-ifyt* 

20 ;£&£|5Mi©3Ifik:J;tK JpxM^ti©Sffii-ffl-? 3 tDif^^'<>^^^tife 

£©&Ia 1/— tfiPX^ iPX^tJ©Mfc^5V>T 

#px^i>^©jp^ftc;fctt^^^ 

ipx^s qltg £ & & 0 

25 ^®©ffi#^^BJi 

El l l±*$mffi-m!z% l % \s— tfipx^^^oT i/— tfipx^oipx^rat/© 
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m 3 SPX^fc J; £ I/— F/jpx^©/jpxMiltl©¥ 

5 tc^-rjpx^»©rv-rv^t?&ofcirffilllT'25So 

0 5 &0 3 t3^^pxft»©V-V£it^fc$rffiE|-e&-5o 
ElT*&3o 

0 9 l/— if#px#?£©gg 2 xgt^tt^iipxmtioiftS 

15 ®io li^nite^ki^s i/-ifspx^^©0 3 xgfc&w s;)px*t»©$f 

EI 1 1 i±:£fl»l?tc^£ l/— tf/jpx^&©|| 4X@£;fefr 37jPX*fi^©»f 
MEI 

EI 1 2&*mMBMim2>\s— t^PX^fcJ; iDW^ftfc^V^V^iiiA© 
20 -gp{343^§ifM©^*^^bfeEI-t?$)§o 

EI 1 3 i±#fateJF#it;:&3 i/— if /jpx;£& fc&frs l/-1f ft©$fcft^> U^> 
*«©ra©^3i^^©H^^^-r^^7-rfeSo 

EI 1 4 li^Hiffijf^©^ l {^tls 1^-^PX^tffifflT- l/-iftjpx^ 
g©Mflt^El7!&;£, 0 
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5 si i 8 \±\;~v%mi$wk\mt%*mwftm(b%i i m^^o v-^m^ 

'i 

0 2 l(±«M^©^2^JK:^§W^^M-r§fc«)©7D-^^-h 

15 ei 2 3 2 01J c« 5 £ x t> b -tf # jm&s tifc^a 

0 2 4&0 2 3{C^"r^ii'|4*r*|.©XXIV-XXIV^(C^ofeifti0T-^^ 

o 

20 026 i±n^©^i&?ig£s < bfc»^fc*ws 023 fc^-r*3S5att*f» 

©XXV-XXV^t^ o fe«fffi 0T & 3 o 

028 2mtz&%v]mi3&®m 1 xg^^-rBEsis? »> 

25 ^IHT'feSo 

0 2 9 Ji#^»li©^ 2^fc«SUDWf^rtt©» 2 JM^-r&mm^ x/\ 
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030 it^msmmcDm 2 mtmzwwijj&om 3 jLm^t&mM^ ^ 

^©KM0T*&3o 

0 3 1 texmBBMom 2 m^-^mm^mo% 4 x^^-immn^ 

.0 3 2 ii*mii©i 2 it^^ »^©i 5 xg^^-rsii^^ x;\ 
^©»r®0-e&3o 

ftfc if > ©¥ffi©¥K £31 1 0T- & § o 

mm 2 titz y > yj\y(D^m0^m * s l tc m x- & s 0 

03 5 {±03 3H^1-9->7';i/©xxxv-xxxv^{c:^ofeifffi0T-$»So 

03 6 (±03 4^^-r-9->7 , ;i/©XXXVI-XXXVIi^t?&ofe©f®0-e^^o 
03 7 \£*mWtZm<DM 3 #ij l/—" tfftIX*Sjfc £ t> * ^ y ^tttfcftgjft 

^fifeinx^ti©«J»f^7-f >fcf&ofcS$#©3z®0-??&£o 

038(±Jt^t^^i/ — ifinx^s i^7-^ tifeinx^ 
^©W^^-r >{c?&^fcgi5^©^®0-?s§ o 

03 9 tt#H»*l©|g 3 #j«3*t Litis— Ifytb^tllZ 

04 0 l±*^M©^ 3 m t# § U — ]f Apx^g©^ie&^0T- ifc £ o 
04 ll£*nMftm®B3Mte&zmPl&mffimz^$iti2> l/4}»£©® 

04 2 {±#HJSff#i©fg 3 9 0 0 Hlte«g|5t^tn§ 1/2 
©f4^0^*^)o 

043 it^mtm^om 3 lz-ifflnx^g^iBBji-rs fc»©7D-? 
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-If ft^Mftettfe »; u > r> x/\©-qzM0T-& So 
0 4 5 (±#^«^©fg30!|fc#S iz-ifflax^FSfefc £ & it«^^^-r§ 1/ 

* 

-if nfc ^> u n > »> x7\0TO0-efe s o 

5 0 4 6 (±0 4 4 fcr^-r-> U n x/\Jc:#fg&6712fli©|| 3«ic#§ l/-if#px 

-So 

IS 4 7 (±04 5^1-^U3>i>x7Nfc*||»)i©^3^J^#5l/-1fipx 

10 So 

EI 4 8 (±#^8teJ$& (DM 4 #| S 1/ -if iPX^a©««fig0-tr & £ 0 
El 4 9 {±® 4 4 ^-r^ U n >>> xMtc*HS£B^©^ 4^Jic^S l^-ifinx 
*tSfc ± £*f nif^^-TS b-if^W^tife^ U ^ ><^ x/\©->p®0t*& 

15 E5o &*nm&m®m 5 W3#s i/— tf&px#&£j^T^ y h 

£ J£»* t < b fe^©ipxmt/©¥ffiia^ & S o 

0 5 1(±05 O(3^-rW^^^>±0LI-LIfc?&oT^Oifbfe»fM0T-$) 

S o 

05 2 (±05 o iz^irwm^^^ >t^-r^ui-ui^^xwm\yfzm 

20 M0-£&So 

-!> 
V 

05 3 (±05 0 tm-rwrn^fe^ J > tm&t&Lni-UIUzfe-DTWmLtz 

0 5 4 (±05 0 t^ffl|?^7>f >£it£TSLIV-LIVfc:&oT3D®rLfc$f 
M0T-&S o 

25 0 5 5 (±0 5 0 (d^-rjPXM»^W^^^ >tl&oTmfe¥ffl-E 

<fo So 
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^yZZ-tfvh £^tr#DX*filt;©»rffi0T*& £ o 

06 2 (±0 5 8^cl^-r^J<k0d^$^/VW-©A;^xl/-if^^fflv^fc*-^©^^^ 
x*f»©»r ffi0T*& S o 

06 3 {±06 at^t-iz-if^omfcct^^^M^Ma-rff^^tife^ 

£^tr #nx*fiit?©®rffi0T: & £ o 
0 6 4 {±0 6 0 £^-f$l± D /J\£ wsy — l/— Vyb*.M^tz.W&(DlB 
X*fgitj©®rM0T*&3o 
06 5I±0 6 4fc^t-^-if^©M^t«tS#^miKzyM@T-B^nfc^ 

06 6J±0 5 7tc:^t-WM5^>^i£^t-SI^VI-LXVI^t&oT-K]»fb 

0 6 7 ^mMBMom 5 #Jfc^£ b-ifinx^g© WW0T & 
06 8 J±#fl»?i0JI 5 0Jfc:&£ l/— ifjjQX^gfcHix. £ft3±ftM«© 
— ^©-gp^^^-r^D y^0T*&So 
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069 &*m&m<Dm 5 u-vm^mmo^mmm^^fi^m 
p mm amis © =r~ 7> qmvm % m t 0 -c & § 0 

MW^fBitgf5©^-7>©£ & fcflfe©ffil*^-TBI"C*>So 
0 7 2 Ii*»©i6«t#§ l/— ifflDX§g§©miO&^®T*&5o 

If ft©£l3fe£^-r0-T? 25 5 o 
0 7 6 liSt^M D #IBg£;ftT^&Vv|§-g-©Jl3feJB 1/ >XJC tfft©Hi 
0 7 7 &&&& D tmUZ1XX\\Z>1§&®m%m 1/ >Xt J; 3 I/— if^fe©^ 

078 fi^nss^B© i/-ifto^g©^»jMA ^M±mmu<D-m 

0 7 9 ti*«BB©l'-ifiDX^M©^^JH<ix. e>ti^>^Wgl5©flfe© 
08 0 (±*H»^© l^-ifiPX^fi©»^J{c<l^ g, ft£±#$J»© £ t> 
0 8 1 J±#|IM2i©JI8#|fc« u— tfflDXfcJ; D^7y 

■ 

fel!PX^»©OT^^-l'>{^ofe^O-^J©^®0T*^^o 

082 \t*mmm®m smtfaz u-n^z zmffimmzti 

fttiaittMtoOWNftJE? 4 >C*&ofcgp#©fl&©0!|©sFKigiT*&So 
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08 5 tt#Hfflg0Ji0& 80!Jfc|fcS l/-1fSnX^g0^MW©-^J©-gP 

# £ ^ -r :/ p & ? m t* a5 s o 

08 6 {±*Hflfi^li0^ 8^Jfcfiia V— tP Zni«©^&WgB©flfe©080— 

08 7 i£#H»S?©Jg 80y&4&& i/-ifinx^s©^$iJW©^ 6 fc-ftb© 

0»J©— gB#£^-f yp y^Bfife*. 

08 8 &#f«#i©|g 8 $| Ms u-if 3box||K©^Wm© $ £ fcffe© 

0 8 9 &*£ffi&&AB©J6 9fii:#s i/-ifSnx^^ffiv>T2rax^iL^©i*ia5 

09 O&08 Sfc^^^y^fi^feffiVfc^^y^^^nfc^x^* 
09 1 \±*.m®fcM(Dm 90|£fllS 1flnX^*fflV^TjHIX^fetj©rt® 

fc^y ^figJffij&g&fig;* tifcinx^t/©ffe©^J©»0T-ab So 

09 2 WIWI(Di9^|t#S l/-1f;&PX#&£^T7JPX^tl©l*lgi5 
y *®##^Jj6£ftfcinxftft4&©& fcffe©0iJ©#4ffiT*&So 

093 tti/— if*©iBtejStfJnx^%©^Mfc<ftabTv%S3t^*^-rH"T? 

09 4 {ilz-if^O^^^iPX^tJCMtteSbTV^STO^^-rST* 

095 {±*^66jk«©^ 9 mimz> u— mnx.j3&*m.w-f &tcti><D 
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0 9 7 tt® 9 6 fcw«IX^feti©aj^»fliH-CfeSo 

Bl 9 8 (i*«?f^0^ 1 OflJfc^S l^-1f;&PX;£&£/8^T;&PX^tr©ft 

EI 9 9 {£0 9 8 fc^t1nx^4&©a$#»rfflim?&So 

EI 1 0 0 &#H»ji©3§ 1 O0!lfc&3 l^-ifiPX^^^ffiv^TSPXMil^© 

2, 3, 4, • ■ T#**fcl»JK#£C3o CO^fcfc^^lRJKfcM 

W/cm2) Tfftl-tK ^J*«bT-^^!7-?5£td»l x 1 O 8 (W/cm2) &L±(DgkWr 

iD^^tuSo asuss©*^ i/— !f^©^ue(iu-if3fc©m^©m 

(W/cm*) T^^^o 

m i ~s 6 ^fflv^rttffif So m i «ii^-ifipx4J©jjpx^r» i ©¥ffim-£& 
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-if*px^©;fjpx*r» 1 ©¥ffiHT*^ d . m 4 i&m 3 £^-r jpx*rgt$i 1 © 

5 m 1 Stf® 2 fc^-T £ o ipx*fiitj 1 ©113 fcMSrl^-f > 5 

— tf^L^inx^tjifc:MftruTafeK^7^^-r5o ft&s *^fct±b 

10 »L£3J®r^£^ > 5 t^T (1-*t)-6^WA55r|q|(Ct&oT) ffi^ 

15 7 £JfM"f SCTfcfcftV^ 2jPXj*tSt% 1 1f3feL£»«£*;bnxttfe& 1 © 

i ©113 •9*^6L3a«*ai:^if?syR^riT,3&«r^©-e > m^ma i ©*® 3 

20 ©jg^a^SOtisoT?, 0 6 JctjVTJ;5 tJtW/h^^T-inx^M 1 

"TS So iot, Jnx^fe«|10^M3fcWS3&S!lti**^*-frS 

- k ft < Sux^» 1 ©1S0»r # Rff i ^ ft 3 o 

ft&N afe5t«a*jg^kbfcJnx^iKr©tD»fH:x &©xiiD#%x.£*iSo 

tittx ^>J^«iaxM*ti©P^^§v>^-©toifT*s>So A&tt&*#i3tfin£ 
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V 

^SMWl-oT-^qrig-r^D^ flPXftg>t/©JP^#*#V^-S\ J¥ 

©Ji 2 tt» < & fc 25 £ © ^ © <k a «c»JflW40 «t t>*Jff^tt*£:fti|ft 

(1) ~ (3) ^$5 0 
( 1 ) »*«#-oXtt*ft© * 7 >y * &<£tf * v y ^«J«<Z)»^ 
U—V^M^MM^i (#9^.tf3tf^^-?»LiTa08*>f>3&:S£E«*r») ©rta$fc 
H^fc^fcttT^ *#j&fc:fcttS«IM&t#l x 1 0 8 (W/cm2) £LtT*fro 

* 4 c * -fro ojnx^Miffi c^^-^^Mf^ imttma © 

mmmw&Mo m^&<D±mmtLxit, muz i x i o 12 (w/cm*) 

£ * 5 y *«HftW&fSfck 09*. i& SI 4 5 @ lx— »;&PXflF^lt:fc;J| (199 
8#. 1 2/3) ©3§2 3H~II2 8JI© r @#l'-1f-^II&££3#7XS& 
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(A) moLMMm :^J\sy?XJS?X 7 0 0 /zm) 

(B) lx-if 

#31 : U — tf HjjgNd:YAG W -If 

$5 : 1 0 6 4nm 

l/-1fft;**> hm^m : 3 . 14xl 0- 8 cm 2 

HDSgb^&igi : 1 0 OkHz 
?V\z7Jd : 3 Ons 

\/—V%FuW : TEMoo 

(c) m%mv>* 

(D) S0X^tlMa^n^)tt«^©^|&^ : 1 0 Omm/# 



) ©fgWlOOfg, mam (NA) #0. 8 0 o y^7cfJ 
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<D&%t7fi-? ; r-$\tm%mv>X (C) ©fg^#5 0f£, muWi (NA) #0 
. 5 5(DM-£rZfo5o tf-^^-^jgtf 1 0 11 (W/cm2) iggfr £,anx*fii 

*MMBMkifcZ> l/-if Jpxt &^T\ ^79 *^7fM£ ct Siox^f 
o fcs %ft?WiU&&b2>0kftXl}UJ:ftM<®) 1 ©l*lgi$fc*#;&P£-£fc>-frT lx- 
^Jf^t- So ? 7 * £ M 9 (i-OX(*mm© £ 7 s> ? *$tf S o EI 9 

^£5fc^>y^#inxM^tJl©*®3 ^«ffi2 lfcfiiatu Ell lfci^t-j; 

5 icinx^ti l-awis Dflni#fc*j i #M£ft3o m^nma® 

# W JQ £ ft £ d £ «fc D Jftft -T 3 4) & § o 
( 2 ) IlWillHol^ 

£-&fc>-frT\ ittM^iM^lxlO 8 (W/cm2) JSLhTJfro/W* 
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=J>^3iT*$>So «#3£g©±PSfii£: Uit 0!I;L{£1 x l 0 12 ( 

W/cm2) T&£o AVl/*(gfcfc0J*.J£lns~2 0 0ns#JSF$ U\i 

(B) l/-if 

M : 1 0 6 4nm 

I/— 1f^at«y h»fMa : 3. 14xl0- 8 cm 2 

MVMLm&Wl. : 1 0 0kHz 
JVVZM : 3 0ns 
ffii? : 2 0 i±3/A)W 
"tfjfeffift : TEMoo 

(c) m%mv>x 

W: 5 0{g 
NA : 0 . 5 5 

^— if^fc£fc#f sasa* : 6 o a— fe> h 

(D) AlX^4to^M^tldttS^©^flri(tt : 1 0 0mm/# 
012 {±±ia^^T*©l/-1f»PXt<k bSD®r£ftfc$/ U 3 >£xA©— 

H-5*r®©^H*^UfcglT?*So U > £ x a 1 l©fla$fc*IMfl.g£j$l 
3«f&£tuWSo ±IB^#tcfcDffM^nfc^ifi^S^©jp^^fpi 
©*t£fcfcl 0 OyamgJKT-^So 

WIS 1 3 ^MJRtJ; *)WMi$1MtZLh*mm-?%o M 1 3 f± N 
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3iiI*£^bT^£ 0 D □ >Sfe©J?frt# 5 0jum s 10 0//m, 2 0 0// 
m N 5 0 0#m N 1 0 0 0 #m©=&^Jc:o^T±l3§iH^£^ btz 0 

mtUt^ Nd:YAGl/— !f©^T-*-2. 1 0 6 4nmi;::fc^Ts ^> >;:□>»&© 
J?,fr# 500 //mttT©^ ^> U =3 >M©l*lgra±U'-1f3fe# 8. 0 °M±M 

®fr£> 1 7 5^m©aJ^fc^J**nSo d ©S§"S-©j83§^fck JP£2 0 0/zm© 

Al lortfipfc^ (o^bl/-1f3fct c t§®m©M^«^ ! 3i«^ffM) 
mms 6M (2 0 0 0^4^) ©H7 2H~3§7 3H© i~bfr2#A;KX I/— if Iz 

§0 &£\ ^i&^SM^^^u=3>^^^©*Mi:«Mfciyti^g^«^-r 
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i5»St#»lXl0 8 (W/cm2) UtTZfr-OJVUXmifiliis&TCDgkWF-C 

12 (W/cm2) T-$>5o /VI/^litt^JitiilnsUlT* 8 *?* t<s lpsBTFjPSfe 
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tvv©^ afeHx^y b©xf$££*t<-r3£i:k:J:!^ SnxM»© 
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im 8 m 

JVVZU— !f#©iiD3iUS«£f (Hz) , APX^tjCQXUx^-^Xfi 
YffiX^-^©^i&jt^^v (mm/sec) h~t%> 0 £tl£©X^— ^©^I&Mii 

n =f/v 
p= 1/n 

^©ffiMWS&ii«©^:t^©at.^^< i:*)V^■rtl* : >^Hiei5t-^^(i> bfy^-p 

^wt zzttf-e^Zo ttet>*, m\)MLmmk*f (Hz) £*£<-r&£ 

t J $>Xy : —¥<D&mMg.%v (mm/sec) %>b£ < 1"^ £ D N t?y^p£/J\ 

^<a»ti§, ^ti^itjiM^f (Hz) ^/^^<-rsc^^x^-i/* 

©3#M^£v (mm/sec) "TS ci £££ *K tyfp^KMItl 

<E> o 

dt®m&l±m8 1~IU8 3 fc^f-HMD#&3o 081~083{i, 
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-if^T-ffM^ti5o M©^7 yZXfty Y 9 0 #3J®r^)£^ > 5 ti&ot 
M£ £ 5 fcBfifeS ftS £ £ t <fc !> n ^7^119 Wfig^tiSo 

©-^ tZWHP3£7-f >5©@ffii£&3@g0^£&3f UTV^o iot, i/— 
1ftox*£7&fciDX#&4&©^Wxg£fT5»^ tiQZ.MM%>}(Ds\> f* 'J 

08 l{c^n«t^^p* s ^dJ;D^§<^tlT*?)s H8 2fc«fctiKKy 
7^p£ifv£dM^b< £*iT^S©Ts 'Vl/*]/— 1f^©MI*fc«fc D#3fr?ift 
f 04U5iWM*tlfc^7'^^^y h 9 0 £JI&5©£l#lt-e££ 

5y^f h 9 0©if^©«f)Ot* $ ^:t<^5> :J:»ofe 0 

h9 0©^m©fcf £>o ^ inMIMIfSv^t 

25 ftoT*8ftfcW»r«0#Hiii:&!K ™®©¥ffitt%M<^^ 0 08 
1M>*08 2fcJ;tiJfx ^v^^ h©^©(i^,ot^^^<T*t-5©T* 
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&±mmLtz£?i^ *mmm(om8M fc^nau v%<du*>m 

£^m^£%jDSLTt^5h?£^;i3££££ ;fjnxM» C -If 
£S8g * ^ & t> * fro |bJ b IS U IZ&M £ Mr % % £ V ^ o 

& l^-ifJpx^B 100 t^ta2>&**Mm 1 4 £fflVNTa&0J3t-3o U-ifft 
Ml 0 1(±QX^ >y^b-ifT"^So E8 4&, l/-ifft$i 1 0 1 fcfil*. 

lBS£ftfc^-5 1, 5 3t, ^^-5 1 £^5-5 3 i:©^tlES^tifcl/ 
-1flS5 5 1/— if 8015 5 £®jgfl!©A;fr£in;L£ja;gM5 7 N 
H5 5 £^ v-5 1 tomizmWiZtitzQZj y3=-5 9 fcHxS, l^-if^ 
W5 5©^(±^Jx.«Nd:YAG^ab^ 0 

qx^ y^s 9*mmLx&&m®n9i*M< Ltcwm-zmfems 7fr£>®& 
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li^US«©*t££A^t-££££c};Dft£ft&o &±#i/— "ifftffiil 0 
H^^Jfc:#5 l/-ifSnx^g©^MI?SU 1 2 7 fciu g l^fc^s i^-ifjpx 

a i^-ifM^fi©^WJM 127 ©— wo-iJ^*^-r^D y *grc&5o 
gftftrnw i ; ? 7 temminu 1 4 1 % -^lew 1 4 3 stm^ffrsas 1 4 5 
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EfltttJHHS 1 4 lfcLb&bfciS (n=tfv, p= 1/n) UT« t>£-5Q5tjC* 

*y hs©HEH (tf^^) Emits 1 4 i&, c©m^-*£ 

12 9 £3i3o itbfc <fc D> ^E-* 12 9 W±A*£ft£M»©*t£ 
&£fi&K©:*: ge £ © * £ T*ffM£ ft £ ** y h M©8EAEfis$tf £ ft § • 
f;fcx C©l«^-*ttM«fft*tt 1 4 5 £&£IS>ft3o Tf$fil8 1 4 3 fc 

li^ » z © i/ -if jnx^g-effM £ ft 3 ast® x y h © xf^^iam £ ftx v > § 0 

mm?m& 1 4 5 & N £©ggj§t:r-* fc^j-ssKttas 1 4 3 fcfefjt^ftfc^ra©^ 

bTs c©l^t^fct«J;D^^ftsaWK1S«0lf«5 s -^* 
ffo^L^E— * 1 2 9£3ISo CiftfciD. =£—9 1 2 9 C&&M$©H&&^ 

SEliWJICiJ 1 4 1J±j£ (n=tfv, p = 1/n) *fJM btE&K^#>y MBI<2)j£flE& 
»#tbW3##©«fc3fcbT*J:V\, £3\ £g Dig bjf«©*^£ i:^r- 

^109, ii logpftjgft^afcs^^y hmovmtommtt&bmmLtcT- 
&i>m&&<D*.%$mFZT—s? io9, ii i<Di$m&&<D*g$ifimM.mw 

SB1 4 Hz\jj£ti2>ztlz£t)^ iliiail 4 ltt±f37 1 —:77WDft«fr£>£ 
ft£©*££©^TffM£ftSafcK;**> hfc:fcW-3afeJI;*#y hP^©»^ 

£&Rr*fcbT*«U\, £ft&©®£-fcE*18&£SSl 4 lfc£Wt±S&bfe5£^ 
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1 2 9fc^$-frSfc»©«yi*ff'5o 

0 8 6 &fg 8#iJ£H;i ^tiS^WJM 12 7 ©ffe©^J©-gp^^^-r^D y 
?0T-&£o ±MJ»1 2 7l±M«[»St#® 1 4 7£H;t3o 1/— ifBOXgg 
©IS##l±*-#- h'^lc «t D MIHUKIVIP 1 4 7 fc» D £-5 y b IB© 

©£»»KteBjrc&<5o 1 4 7«#^tife7 ; -^$l/-if» 

(MSI 0 2{c^5o i0M^0*t*fcHtt^nfc^--tfJnx$iitT?jpx» 

M8 7l*W8mK:ffi%.t>tlZ£&fflWffil 2 7©££fcflb©0!l©-!HS#*ifrr 
7d y ^HTffeSo 1 2 7 &&ft$*iS 1 4 9 SfilitSo ±f3i:TO 

fc»D-&"5awR^^y \>m<Dmn<D*s z &&&&&& 1 4 9 tAA^ns. ^ 

££&3fc&©X^-^I&^jg£i^1-;5 0 £©#JT-&iiD^Ui«&@£ 

M&mW$l 4 9fcmj|£ftfc^-*£;^-^M«l l 5£j££ 0 
C©*x-^i(£l&jig©*t £ l/-1fiDX^gTSPX^»^ l/- 

IfJnx-racfcfc.fcDs l»D^t&S^sj«y hlS©ffi*&ffiM0;*:&$fc"f 
£#T*t3o £©*^-^I&M©*t£©^-*&^-* 1 2 9lc&3££>ft 
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MS 8 itm 8Mfcffi?L £ fo%±WmW& 1 2 7 ©£ 6 fcflb©«©— aJ^Swf 
6 SOT 8 7 ©*£-££& S;&fcfc N ISDjgUMaftSrfX^-^SfrjgjKoiSil^ 

*ii#*t>*awit» 1 5 1 £A#-r§o «a*-&t)*s[iSEffi 1 5 1 \±±m-$,^- 

ft©*^*:^^^— 1 yymi 0 i£8sg&« 0 1 sat 

winzntcx^-v&mMm<D*gi< tfrz ^^^x^-is 1 09, huh 

g&-T3o ^ti^©l^g5^fe$tifei/-ifipxgg^jpx^t»^b-ifinx-r^ 

^•^i/^n^vefcSo 5§8#|fc::fc^T\ 0 1 5 iZ^tB 10!Jfc#S I/— IfflDX 
^i:iftt^rs'7S 1 0 l^r-y/Sl 1 1 *-C©»f^*ff 5o 
^ry7Sl 1 1^ N l^i;i/^0/t;i/^l/— IfT'^^tlSSilMXJi?^ h 

■T§o tfy^p (±*nxM^l©JS^WH^*#j^LT^^ti5o hfu/^p 
©*& * £0 8 8 fcwf ^(WRWaJ 12 7 izXjjf&o 
^bt> 0 1 5fc^-f^l$lfc£l3l/— ifinx^i:TOt:^7 L >y7"S 1 13 

^ryrsi l 5tT-©»#*ff do i*ifc«kD % ddxjwi* i ft y 3 
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£©«-£\ XW^^-S^l 0 9, YffiX^-^l 1 1 (D&mm&(D*% £ (DM 

[Jg 9 ftO 

^M9#ffM£ftfcinx*fgitJ l ©mET-abSo 

L©^3tjfe%finx^4H 1 ©rtSUoOT 2 1 fsBSfc-frb U ^Jif^^^ >f > 5 lz 
*ifc«fc?K ^5^flW9 (9A) a*ffl*r?£7>f >5fc»oTflli*«fe»l0 
m 1 ©«©^ffi3{t?5^t) U Wtift&Jst > 5 fc^&oT^M^i&^-B- 

mm 9 (9b) ^iiDW^7^>5fc»oTto^«j»i©rtjSP0^®3f*jet: 

7«^Ii9A (9B) i>&^7y^««9B (9A) £|qk y*«#9Bfr 

fcSQXMiiti l ©M, 1"*t)^Wffii:^SMt43V^Ts Jpx^»l©jp^ 



e 
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> 5 tj&otfltS £ tifiX t£o 
a±© <fc 5 £fg 9 #jj fc «k ti\mtk<D ^7^|«9 £7fM?- § C £ fc «t D #QX 
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IffiDX^ttl 0 0£|lHi©}iJ?&£bTV^o m9Mte&\,\TZ$foXy L —*S 1 1 3 

z«x^-s;fca:s*x^%©jp^iafc43W-*^3fcjSiP©<fta© 

MflSfcoV^TBI9 3 SOT 9 4%m^TffiW?Zo *HSS?F^©^9^JT*{ift]X 
15 ^W©J5**iafc*tJ-*i/— - !F7fe©il7fe;&©ffc§£> #DX*r^#j©g|® (AM- 
IS) ^*^i:btiPXM^tJ©M©ma©MfciigEibTV^o 09 3t±w- 

if ^L©^^^P*sjDX^^tl 1 3 fcffilbT^ 3 ttJK&w bT V> S 0 0 

9 4t^-rj;ats Z$EU5r-^£^/Bi/>Xl 0 5fc|fiJW-TzSPlfr<*-e:Si: 

x ^^P{i*®3^?>JDxmtil©M(c:^tt-rSo mtftj^PotaTMMi 

20 i©rtfipt:*H-5^ifrfit±Nz-efts (N{±i/-if3teLfc^-rsjpx^fe«n©ja 

©tt«*«iJflI-rscifcA»T?SS«> o£tK *7fc^P©JPxmtl 1 ©JP^lRlfc: 

*»tsma©teg*M3ipt>jpx^ftiKn©rtajs-e©ffi*i (Nz) tn. 

25 £©®H (Nz) £±l3a#r¥ (N) T*l^-r^.ci:(cJ:D»?>tLfc^S/S (z) It 
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1 1 3 &&ftft!fflrf £ - £ D s rT^cd^^^B 3 Jc-£5 
2friW£o qr^©^#M3£{£gf-£Z$ft;*^-:^ 1 13©&g£:i3^ 
Ts I/— tf^L©*^^P%M 3 Iz&g-f 5 ct-5K: V— tf&JXgg 1 }±DiS£ 
tvWSo £fcs 2 7f±. 0 9 3&^0 9 4T"Mbfc;|£8!jS (z 

) ©^-*#A:*£*U E«$n*o 

09 5fck ^©l/-ifiPX^^M-r^fe«)©70-^^-hT-$>So iPX*f 
Xt^7S1 0 lfcfcBIl 5i^til^0XTy7"Sl 0 1 £HCT'&3o & 

t s iax^ti i ©iP^^^-r^o ^©^ij^ms^px^tj i ©jg#r^ 
**^lt n nwjLimM i © z ^[qi©^si* (z) 3 (s i o 3 ) 0 c 
tut, l ©n^ p mw^-nma 1 ©i^s&ic&g^-frsfc&f;:, #px 

*TiitJ l ©£Bff 3 Kfftg-f £ u— tr# L ©Hft^^Pi: tfeipx^% l © 
z Ifl^iRjc^M-e&So ipx^tji©;p^[q]{ci5^s*^ p 

Xy^^ysi 0 523:t>*X7 i y7 e Sl 0 7 {±01 5 l#l©*^y 7* S 1 

0 SSVX^^rSl 0 7h|Iil;T*&So XryrsiO 7tII#llfcMT 
-^X7-«l 1 5to££ti3 0 ^^-^»gP 1 1 5fck ^©fy^ 
-*£S£LT Z mX'r-V 113^Z f^IcO©^;*-^ (SI 0 9)„ £*i 
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£fcr&So JI^-^&Lffl 1 2 5 izm^X, 

-r > 5 ^m^ttma 1 ®^®3 ©&*B^-*£^jrr 3 C £©i&*:iK£ 

5 2 7£^bT^E-* 1 2 9(I^?,tls £tlfc£t)^-*l 

2 9 M®f^7-T > 5tt£©&*B##^£*xSo 
iWJW 12 7 W0»^f>yrs 1 0 3l:£fc££*UrSg l^Ifr*©^-* 

r-^Wl 1 5 Ji^I©^®:!©^-^^^-^ I/—- tfft L (E>m%& P 
10 #flnx*fiitJ 1 ©ft^&SfSglC, Z f*X^-^ 1 1 3 JZcfc Dinx*f» 1 £ 

z$fl;£iPifc^i!j2-££ (si 1 1)0 £©ft^©&fi&7jnxMiim©Mttj£-e 

015 t^-T^ 100075^ 7 S 113 tll*i£LT^il$l3I^£t0 

wt^^ >5 t?&d^a{c:ioxM»i©i^iSP{^M-r5 (si 13). 
3te l ©m^ p #Anx*fgitf lortaJo^sa^jefcj&sttafcN z wj*^- 

5>1 1 3 fc «fc D iJDX*tfc& 1 & Z f4^|qJ(C#»^-li-§ (SI 1 5)o LT\ X 

5 1 y r s 1 1 3 tmwttz LxmxMMm 1 ®fti»tzm!!mmffl&*Mi&rz (s 

20 11 7) 0 Z<DXTy7TZ\±®M&mffi$&M^ft0L®l®fiffi(Dmm3tt7&tZ 

g^fcs flnx^4fo 1 fclZJSr?^ >f > 5 fc&otffllfS ;fjnx*j- 
ittU^WTS (SI 1 9)o £*i,fc:J;D x Mtl5l§i/'Jn>^y7t 

* 
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&mm±% Mz-MM.®) 1 #&Sf Miifr ^ 7 y^Mll: < i^M 

^ait^fe^o tot, £©£?&i§£\ j; a titct&f 

[H 1 0 #|] 

*mffi&m>(Dmi omit, t^nma^m^u^^-f^v-^itcomit^ 

n i omte&z is— !fApx^^Mv^T^Dx^r^ i ©^^ ^ y ^^9 # 
m 1 ©/vi/x i/-if ^l©«® (xmm) 3 £jn t-c mz.ttm.rn 1 ©fW^b 

(-M^tiTV^So £*i£©»©TX#l®ri^^'f > 5 iz^^xiPX^tj 1 
l^-1f ftL£ JRWf S ^ ^^119 imm^fe^j > 5 

El 9 7&EI9 6^-rjpxM^tll©»»fffilMT'^§o *7y*«BW9J&$ 

LTl^o Z^ytm&2'&%\\x.ttm» 1 ©iP^(pJ{c:*3VATJ*^©^©tefi 
&«©tt®fcffM-r&^ #!lx.«JPX^»lcDP^JtM^tv^^ g 

Sft©§£j££&ftbT^£o tot, i/-ifijpx$iT^{cipx^% 1 ©wx 

m%fi5Wi&, iPX^#)©A>hMj>^^^^^ o 

0 9 8 fill 9 6 M«fc#iSfligi5fig©£l 0#Jfc#3ly-lf;!jpx#&£j§vvt 
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P#©¥#©fiig£ bftffi (Alt®) SlzfcitMtiWimffiLTftMZtitc&O-e 

«ffc N Jnx*ftfe& 1 ©ft® 3 fc«^/W*^«l!I^*->;^J*3;*lW3 
«£\ ^7^iS9 &ft® 3 ftaSfc^f S ^ flnx*f» 1 OljDBf fc^V^ 

y £ 9 l ^inx^tj i ©ft® 3 MSil 2 l ^iqjfcjjgg^ * s c fcic^i), in 

U ^7^9 l©@^&Mfc;&D£TA^lc^y^9 1 WT 
So ^7>^li9 i:OT3©^HAsjtTO*V>^, ft®3{ll£:fel> 
t^7-^ 9 l©Efcft#ft©^*i#;7c£<&&o ^litJ:^ ^y^9 1#m 

#S«-TSo ^y*^9£OT3tt3ffifcffM-rS^ ^7^f«9t$I 
3 ©8BH*sj±i|S5^VN©T> ^7!/ ^79 l©l&K;£lft©rft£>h<*<T§So £ 

3©^yt?>?*©Jigfc&!K i«tJg#lK&So 

7>©teg«k d ft® 3 iciv^itii u^7 7 9 c t t 

So £©*§-g\ ^7y^S*S9t±ftlx^fe«H©rtaj(t , ©OT2 lfll£JBj&$ii 
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-2) o 

mi o o&n9 6 1 m^^mmmm^m i o^jt^si/— wnx#&£M^ 

ffM£*ifc&©T*&3o Y«|S]©^7^^^9{±, H^£JS<fr©i£ 

#©&fij; DM3 {ij£V^Mtiit5bTff^^tifcfe©-C$>^o Xfft^iqj©^ 

7>^i«9 hY#^lSl©^7^^^9 £i±ir#:3^bTV^ 0 

frMt&o X|fi^(qj©^^>y^MJi9 i:Y|i^|pi©^7^^^9As^*{cAox 
^tll©iP^^I^I^-^5^S^S^|^IDt:^^i:^ Xft&#|p]©^ y *®®9 £ 
YW^r|qF©^7y^«J*9 fctfitSS-rSffiflfa^DSo fiS-r^ffi^fT'Ji^^'^ 

15 ^««9**SS-TS©^ X^|Si©«®J:Yffi^|qi©WMi:^Jg<fc<ia 
&gi£Z>zt&mM£%iZ> 0 cftfciD, it^-rs^mTttiDX^t; 1 ©M^ 

25 ^7>^i^9J:HiI2 HHfcJ&fifc-rsiu X$ft#ft©«m^Y$fi#rnj© 
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— If #L0ffc|§L#£ b&^©T% * ^ s, 9 *J&-ti^f 

fc:fett3aWR*«©ffi**#]f|l , C * So iPX*r^©JP^^S^*#Jt bTH 
1f3fefcovvr8j&i|llb;fc#x ^$b-ifft£o^T&ll^©££#M;LSo 

-ifinx^gi 0 0fcB«©«te&&b-t^5o Hi OMfc&^xmx^-v 1 

1 3 fc«t DSPX^fj 1 ©ff^(pjt^ita^^P(DtegA s Slg0^ti§o eft 

fc«t»)x 011*. f£, *^P$JDX^#jl©jS^[qI{Cj3V^TJi^©^©|5ig 
$*Sitt«fcoT%x ^n^©M^b-if^©*3fc^»x^tJ©^K: 

£3 „ «toT. *f5WrJ±inxm% 1 *s^©Ji^iSj»i& 
z>®-Zs jdx*mm& 1 ©Jf ^frftfc&frsflaxftSi^ 1 ©^iftMM^^ttg 
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9 3 sot 9 A-cwmxstz&QmtmK-ztb&o 
m i om^^x^m^-^mm^ 125^ w&t-z Lxmmm 

^ftfSiJ^^ir^J;^ Rr^©M^M3t^-^i:^{3l-^o aSWb® 

#lmi 2 5&, ftfe©TOWgjs^M#f^atg^w-r§o 

£WJ»1 2 7fck 0 9 3M0 9 4fMlfeW (z) CD^-^tfA 
±»£;fV fB4t£*i3o ot») N ±ft#J»l 2 7fci\ iNJLftmm 1 ©Ji^#|tUlc 

^tt^ni^^TOWitis©^--* £!3ii-rMt££;pi-rso £WJ« 

12 7, x^-^frJMPl 1 5St/ZWx^-^l 1 3l3j;Dx Ml/>X1 

#n»n©sg 1 o^j^^ u—^m^mz^x, m 1 4 t^-rn imx: 

^ry7Sl 0 1&EI 1 5t^til^|07Ty7'Sl 0 1 ^|5lDT-^5o & 

t N eh 5fc^-rni^i©x^\yrsi 0 3 tmm^hx, mz-nmn 1 ®m$ 

1 © z $£&^fqj©^aj* (z) *ft^-r & (s 1 0 3 ) 0 -tu±, i/— if it l ©*^ 
& p ^nx^mti 1 ©rtfflJfc(ft«***fc»t: N inx^tj 1 ®$m 3 £&g 
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#[rJ©^»S (z) »± N Snx^til©iP^(Sit:^^§Jpx^t)©^^ 
i&fi©x-*©-0)jT'&3o p otlttix^tti i of 

Xr^rSl 0 SRV^Xy'yy SI 0 7&01 5 IZfjktM IMOX'r y 7* S 1 
0 5MXr>y7Sl 0 7fc|liaT$)^o Xry7 S 1 0 7 T^W^ftfciu^ 

Z-OM&r—Z fcttfc: UT Z ftl*^— y 1 1 3 £ Z $fcSfcU©;|£ifr£-£& (S 1 0 

9) 0 £*iic£*K m%RtftMl 1 7©TO^©^j£#M3 Jz-feg-r^o z $fl 

1 1 3 ©£©&gt£V^ /VI/* b-if^fe L ©*5fe^ P &Stffi3 fc 

teg-rsc^fc&So aMftx-^ftKiaj 1 2 

©te*B^-*i±±#M» 12 7 £^bT^E-# 12 9 fcj££>*u £ft£<k 

ftAjj£tiX%t), £©^!&S^-*#X^-^f£iJ«l 1 5(^?>ti-So 
-^Wa 1 1 S&CO^KlM^— #fc«^UTs V— L ©*M P ifito 

Jittma 1 ©F*3gi$h&£fegfc: N z mx^-V 1 1 3 DJpx^ti 1 £ z $b 

Mk:^»j£-t-»-s (si l Do 

^ryrSl 1 3 y 7* S 1 1 5 (±01 5(^-rx^^rsi 1 3M 
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5 £ iz £ D N iPX^T^ 1 fcjfc D fctO®r/JPX# rTI I £ & § . 
^tt £ [r1± 2 § £ # T* ^ 3 o 
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mifi 1 x 1 0 8 (W/cm2) J^±t?^o/^;V^*g^ 1 ^sJ^TO^^l/-^^ 

3. ipx^mt;©i*ig|5(cS^^t)-M-Ts Jfete^t&w-^e-^?-^ 

g# 1 X 1 0 8 (W/cm2) W±T*fro^;i/*fl@# 1 ^sJ^T©^-?? l/-1f3fe£ 
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